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| INTRODUC TI ON
Alzheimer's disease (AD) is a progressive brain disorder that results in loss of memory, associated with unusual behavior, personality changes, and an irreversible decline in cognitive skills. [1] [2] [3] As a matter of fact, AD is the most common form of dementia in elderly people worldwide. Approximately 13% of people over the age of 65 years and 45% over the age of 85 years are subjected to AD. 4 More worse, the number of affected people is estimated to be doubled in the next 20 years. 5, 6 Thus, accurate prediction and early prevention of AD are of great importance for reducing and postponing the occurrence of the disease.
Evidences from different populations show that the apolipoprotein E (APOE) genetic polymorphisms were associated with the risk of AD occurrence. 4, [7] [8] [9] It is well known that APOE is a 299-amino acid protein that acts as a major lipid transporter abundantly found in the brain. 10 There are three major APOE polymorphic alleles in humans, including APO-ε2, APO-ε3, and APO-ε4, which encode three protein isoforms of APOE2, APOE3, and APOE4. There are only two amino acid cysteine/arginine polymorphisms at positions 112 or 158 in the N-terminal domain among the three isoforms.
Although the ε4 allele of the APOE4 is considered as a genetic susceptibility for AD in diverse ethnic groups, [11] [12] [13] [14] [15] [16] [17] the frequencies of the three APOE alleles were found not to be the same for all the ethnic groups in the world.
Nowadays, magnetic resonance imaging (MRI) has been widely used for imaging modality in AD diagnosis. 18 It can be used to characterize the structural changes in the brain and classify the different imageological changes of AD such as cerebral infarction and encephalatrophy. 19, 20 More important, MRI atrophy measures are regarded as predictive biomarkers for AD, indicating the disease's state and its progression. 21 Herein, we examined the relationship between APOE genetic polymorphisms and MRI imageological changes in a cohort of AD patients and cognitively normal subjects every year.
We next evaluated the APOE genotypes and allele frequencies and their contribution to the development of AD in a large population in southern China. We also provided the clinical evidences of using ApoE-ε4-targeted therapeutic strategy to abate the neurodegeneration of Alzheimer's pathogenesis.
| MATERIAL S AND ME THODS

| Patients
The study consisted of 226 AD patients and 2607 healthy individu- 
| APOE genotyping
For each subject, 2 mL peripheral blood exposed to EDTA anticoagulant was collected. Genomic DNA was extracted from peripheral blood leukocytes using modified phenol-chloroform extraction method. The ApoE gene was detected by using a fluorescent probe- 
| Brain MRI examination
MRI scanning was performed on a 3-Tesla MRI scanner (Siemens) and an 8-channel brain array coil. Participant head movement was minimized using foam padding, and headphones were used to reduce scanner noise. MRI scans were obtained with T1WI, T2WI, and T2 FLAIR imaging sequence (FOV = 253 mm × 230 mm, SW = 6 mm, matrix = 64 × 58). All subjects underwent a MRI scan after being instructed to relax with their eyes closed but avoid falling asleep.
| Image interpretation
MRI data were analyzed by blind method by two senior MR diagnostic physicians. The visual evaluation method was used to observe the structural abnormality in all brain regions, and the lateral ventricle enlargement and the widening of cerebral sulcus were used as the visual evaluation criteria for brain atrophy.
| Statistical analysis
Genotype and allele frequencies of APOE were compared between the AD and the control cases using the chi-square test and Fisher's exact test when appropriate. All odds ratios (ORs) involving genotypes were calculated by logistic regression adjusted for gender.
Two-tailed Student's t test and ANOVA were used to compare quantitative data. The SPSS statistical software package version 11.5 was used for all the statistical analysis. P < 0.05 was considered as statistical significance.
| RE SULT
| The frequency of APOE-ε4 allele was higher in the AD patients than that in the healthy
The frequencies of APOE gene are presented in Table 1 . Gender, age, genotype, and allele frequency of APOE were compared between the AD and the control groups. Here, 226 AD patients and 2607 control individuals were included. Of all the population, 1170
were female (41.3%) and 1663 were male (58.7%). The frequency of APOE-ε4 allele in the AD group was significantly higher than that of the control group (14.4% vs 8.6%; P < 0.001). The allele frequencies of ε2, ε3, and ε4 alleles were 6.2%, 79.4%, and 14.4% in AD patients, and the cases in control group were 8.2%, 83.2%, and 8.6%, respectively. No significant difference was found in the APOE-ε2 allele frequencies between the two groups (P = 0.141), whereas there was a significant difference between the two groups in the APOE-ε3 allele frequencies (P = 0.041). Notably, there was a significant difference between the AD group and the control group in the genotype of ε3/ ε4 (P = 0.03) and ε4/ε4 (P < 0.001). Our results showed that 25.2% of the AD patients had one or two APOE ε4 alleles, but only 16.8% of the control individuals carried an APOE ε4 allele. To exclude the influence of age, we further compared a cohort of 226 AD patients and 274 control individuals which had no significant difference in age. As shown in Table 2 , a significant difference in the APOE-ε4 allele frequencies (14.4% vs 8.8%, P = 0.005) remains between the two groups.
| The association between APOE-ε4 allele and brain imaging
As shown in Table 3 , Fisher's exact test was used to compare the MR imaging change between APOE-ε4 allele group and non-ε4 allele group. Brain atrophy occurred at a rate of 12.3% in ε4 allele group vs 8.5% in non-ε4 genotype group (P = 0.008), indicating a significant difference. Severe brain atrophy occurred at a rate of 1.0% in ε4 allele group vs 0.2% in non-ε4 genotype group (P = 0.011). The results suggest that the population carrying APOE-ε4 gene had a higher incidence of brain atrophy and severe brain atrophy in the entire study population. However, there was no significant difference in the incidence of cerebral infarction and cerebral infarction with brain atrophy between the two groups. There existed a significant difference in the incidence of brain atrophy (12.3% vs 8.5%, P = 0.008), severe brain atrophy (1.0% vs 0.2%, P = 0.011), and cerebral infarction with brain atrophy (8.9% vs 5.5%, P = 0.044) between ε4 allele group and non-ε4 allele group, while no significant difference was found in cerebral infarction. In respect to the distribution of age, there was no significant difference between the ε4 allele group and non-ε4 allele group. In the case of patients with brain atrophy, there was a significant difference in the distribution of gender between the non-ε4 and ε4 allele group (P = 0.037), while no significant difference was found in cerebral infarction and cerebral infarction with brain atrophy. Table 4 shows a comparison of MRI imageological change between non-ε4 and ε4 allele group in AD patients. There was a significant difference in the incidence of severe brain atrophy (8.8% vs 1.8%, P = 0.026) between ε4 allele group and non-ε4 allele group, while no significant difference was found in brain atrophy, cerebral infarction, and cerebral infarction with brain atrophy. As shown in Table 5 , no difference was found between ε4 allele and non-ε4 allele group in all brain image changes among non-AD population. Figure 1 shows the representative MR imaging results of the AD patients with (Figure 1A ,B) and without ( Figure 1C ) APOE ε4 allele.
The AD patients carrying ε4 allele generally showed brain atrophy and severe brain atrophy which are accompanied by lacunar infarction, bilateral radiant crown, and bilateral basal ganglia. The hippocampal can be seen with different degrees of atrophy, which is characterized by a flattened hippocampal formation, a widening of the lateral ventricle, and an enlarged space of the cerebral effusion.
The brain atrophy and hippocampus atrophy are also seen in AD patients without carrying the ε4 gene, but this case is not so obvious as compared to the patients carrying the ε4 gene ( Figure 1C ). No abnormalities in hippocampal morphology or volume were observed in patients with non-AD ( Figure 1D ).
As shown in Table 6 , 154 out of 226 cases (68.1%) of AD patients developed cerebral infarction; 1007 out of 2607 cases (38.6%) of non-AD patients developed cerebral infarction. There was a significant difference in the incidence between the two groups (χ 2 = 52.39, P < 0.001). And the incidence of cerebral infarction in AD group was also higher than the control group with 274 non-AD patients (χ 2 = 47.38, P < 0.001) ( Table 7 ).These results suggested that AD patients had a higher risk to develop cerebral infarction than control group. 
| APOE-ε4 allele conferred higher risk for AD in male than female
| D ISCUSS I ON
Although the frequencies of APOE genotype in different ethnic populations have been reported, in this study, we reported that the allele frequencies of ε2, ε3, and ε4 alleles were 8.0%, 82.9%, and 9.1%, respectively, among a large population in southern China.
This case was similar to the frequencies in the east of China (8.6%, 80.4%, 11%) 22 and in north of China (5.3%, 88.3%, 8.4%). 23 The gene frequencies of APOE-ε4 are various among different ethnic populations. In worldwide population, the ε4 allele tends to be higher in northern Europe such as Iceland, Finland, and Norway (15.7%-18.4%) and lower in Middle East such as Iran (6.1%), Turkey (6.7%), and southern Europe such as Greece (7%) and Italy (5.2%). 11 Previous studies reported that the frequency of APOE-ε4 allele was about 10% in Asian countries. Our results provide an evidence that the frequency of APOE-ε4 allele in southern China is in accordance with that of the other regions of China or the other Asian countries.
This emphasizes the importance of geographical location and ethnical background of the subjects in the study of APOE genotypes.
The actual cause of AD is not well known, and around 70% of the risk are thought to be genetic. The ε4 allele of the APOE is considered as the most common inherited genetic risk for AD. 17 In this work, we found that the frequency of APOE-ε4 allele in the AD patients was significantly higher than that in the control group. The OR for individual with APOE ε4/ε4 genotype was 7.64 times higher than that with ε3/ε3 genotype, whereas the case in people with genotypes was lower than that reported in Japanese and Caucasian, where the people carrying ApoE-ε4 gene are found to have 10-30 times higher risk to develop AD than those who have no ApoE-ε4. 24 Furthermore, we found that the male carrying two copies of APOE-ε4 alleles had higher risk to develop AD than the case in the female. These results demonstrate that the risk for APOE-ε4 carriers to develop AD is different between the male and female. Overall, our study confirms a strong correlation between ApoE-ε4 and AD in Chinese population, which was different from the cases in Hispanic and African American populations. 25 Moreover, it is notable that not all patients with AD carry an APOE-ε4 allele, and not all carriers of the APOE-ε4 allele will develop AD. This suggests that the APOE-ε4 allele is neither necessary nor sufficient for developing AD.
The underlying mechanism of ApoE-ε4 affecting AD progress has not been fully understood. The pathological change of AD includes the structural atrophy, pathological amyloid depositions, and metabolic alterations in the brain. Indeed, a consistent relationship was found between APOE-ε4 genotype and elevated amyloid burden. 26 To date, several studies have evaluated the relationship between APOE polymorphism and MRI-defined intracranial lesions. 27, 28 For example, Wang QY reported that APOE-ε4 increased the burden of cerebrovascular disease. A Chinese study pointed out that APOE-ε4 allele was associated with an increased risk of developing cerebral infarction. 20 Yin et al 29 reported that ApoE-ε4 played an important role in brain atrophy and memory impairment by modulating amyloid production and deposition.
Others also observed the effect of APOE-ε4 on gray matter loss in right hippocampus. 30, 31 Here, we evaluated the effect of APOE-ε4 allele on the MRI-defined cerebral infarction and brain atrophy.
The APOE-ε4 carriers showed an increased brain atrophy in hippocampus and rostral amygdala, compared to non-carriers in AD patients. Although cognitively normal APOE-ε4 carriers showed no significant increase in the incidence of brain atrophy and cerebral infarction, they have higher incidence for developing brain atrophy in the entire study population. Furthermore, the incidence of cerebral infarction showed no difference between APOE-ε4 carriers and non-ε4 carriers, which is much different from the previous report. 20 Our results suggest that the presence of ɛ4 allele increases the incidence of brain atrophy, but had no effect on cerebral infarction. There is no significant evidence that AD pathology is present in the brain many years before the clinical manifestation of the disease, such as amyloid plaques, cerebral infarction, and gray matter atrophy. 1, 2 When considering hippocampal atrophy as a baseline AD status, the association of APOE-ε4
with an increased incidence of brain atrophy found in our study could partly explain the reason why APOE-ε4 contributes to AD.
In summary, the present study provides an evidence that APOE-ε4 is linked to increased rates of AD in southern China and the presence of APOE-ε4 has higher incidence of brain atrophy. Our results suggest that genetic factors APOE may increase vulnerability in the gray matter loss of brain in AD patients. These results also provide an evidence that the APOE-ε4 might be recognized as a genomic target for the prevention of AD and brain atrophy. A limitation of this study was that the AD patients were mostly older than 65 years of age and may have some impact on the MRI change. Since some MRI-defined intracranial lesions start at middle age, the effect of APOE-ε4 on neurodegenerative biomarkers may be more prominent if both middle-aged adults and older adults are included.
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